Carbon samples heat-treated at different temperatures of 1273 to 3273 K were bonded to nickel in the solid state in a vacuum using an RF induction furnace. The bending and shearing strengths of the joints were investigated. The feasibility of disbonding of the joints was investigated by heating in a vacuum. The fracture surfaces for the joints were also observed using a scanning electron microscope. Based on the results, the effects of the heat treatment of carbon on the interface strength of a joint were examined. With increasing heat treatment temperature, the joint strength of carbon to nickel is improved. Utilizing this property, the heat treatment of carbon is performed to adjust the interface strength of a joint. Moreover, by the selection of carbon materials heat-treated at a specific temperature (2023 or 2123 K), the design of the joining system with both bonding and disbonding properties is feasible.
Introduction
Recently, because of increased concern for the global environment, numerous studies on actively reusing spent materials have been conducted. 1) Therefore, the technology of reusing spent materials is important and future material design is expected to consider the reuse of materials from the start of the design process. Such design ideas are not uncommon in the fields of bonding and composition where special attention is given to the processing and assembly of parts. It is expected that the technology of processing and assembling parts so that products can be easily disassembled for further reuse will receive greater consideration in future. Material design with conflicting functions such as assembly and disassembly, or bonding and disbonding originates from the concept of material interconnection. [2] [3] [4] [5] This concept involves the use of a positively discontinuous structure at the inevitable interface between dissimilar materials.
We previously reported the solid-state bonding of carbon samples (with the different graphitization degrees by changing the heat treatment temperature) to nickel. 6, 7) The strong bonding of amorphous carbon to nickel was not realized. For carbon with a graphitization degree lower than 0.28, joint strength varies with the joining temperature, as indicated by the probability of successful bonding. In contrast, for carbon with a graphitization degree higher than 0.28, strong bonding is attained regardless of the joining temperature. In this case, a fracture of the joint occurs in the carbon near the joining interface in the bending test. The joint strength decreases due to the large thermal stress induced at a high joining temperature. Since joint strength depends on the graphitization degree and since the profile of the change is transitional, the bonding and disbonding properties of the joint are investigated while taking into consideration such phenomena. Moreover, joining and disjoining temperatures are different.
In the present study, carbon samples whose crystal structures varied with heat treatment temperature are used.
The bonding and disbonding properties of the carbon/nickel joint are examined in relation to the change in strength of the joint at the interface.
Experimental Procedure
A carbon sample (produced by Nippon Carbon Co., Ltd.) heat-treated at 1273 K, with a purity of 99.8 mass%, an elastic modulus of 11.2 GPa, a Poisson's ratio of 0.33 and a thermal expansion coefficient of 2:6 Â 10 À6 K À1 , and a sample heattreated at 3273 K, with a purity of 99.9 mass%, an elastic modulus of 7.0 GPa, a Poisson's ratio of 0.34 and a thermal expansion coefficient of 2:2 Â 10 À6 K À1 , were used. Moreover, the carbon sample heat-treated at 1273 K was reheated at 1773, 2023, 2123 and 2273 K. Consequently, carbon samples heat-treated at six different temperatures, that is, with six different graphitization degrees, were prepared. In addition, the sample reheated at 2023 K had an elastic modulus of 7.3 GPa, a Poisson's ratio of 0.33 and a thermal expansion coefficient of 3:7 Â 10 À6 K À1 . Another carbon sample (produced by Nippon Carbon Co., Ltd.) heat-treated at 1273 K, with a purity of 99.8 mass%, a thermal expansion coefficient of 5:3 Â 10 À6 K À1 and a bending strength of 70.3 MPa, was reheated at 2123 K. This reheated sample had a bending strength of 53.0 MPa, which is much higher than those of the previous six carbon samples, and was used for comparison. Nickel (produced by Daido-Special Metals Co., Ltd.) with a purity of 99.0 mass%, an elastic modulus of 210 GPa, a Poisson's ratio of 0.29 and a thermal expansion coefficient of 1:65 Â 10 À5 K À1 was also used. The interlayer spacing, crystallite size and graphitization degree of carbon samples measured previously by the X-ray diffraction (CrK) method 8, 9) established by the Japan Society for the Promotion of Science (JSPS) were used to quantitatively estimate the changes in microstructure and crystal structure of our current carbon samples with heat treatment temperature. 6) The carbon specimen used for joining is a column (rod) of 5 mm diameter and 31 mm length, and the nickel specimen is a column (rod) of 5 mm diameter and 25 mm length. The joining surface of the carbon rod was finished by grinding using #3000 emery paper, followed by dry buffing, and that of the nickel rod was finished by polishing using 1 mm diamond paste. Subsequently, these surfaces were ultrasonically cleaned in ethyl alcohol. Figure 1 shows a schematic diagram of the joining system used in the present study. The carbon and nickel rods were placed in the middle of an RF induction coil, as shown in Fig. 1 . Bonding was performed in a vacuum pressure lower than 4 Â 10 À3 Pa with the joining temperature, keeping time and joining pressure as variables.
First, the fracture strength of the joint (a rod of 5 mm diameter and 56 mm length) was measured using the fourpoint bending test (distance between upper fulcrums: 10 mm; distance between lower fulcrums: 30 mm; crosshead speed: 0.05 mm/min). Likewise, the interface strength of the joint was then measured using the shearing test (crosshead speed: 0.1 mm/min). The nickel part of the joint was fixed and a shearing force was applied in the carbon near the joining interface. Next, disbonding was performed using a joint bonded by the method mentioned above. The obtained joints were again placed in the middle of an RF induction coil to disbond by heating in a vacuum under no-weight conditions. The fracture surfaces for the joints after the bonding experiment, bending test or disbonding experiment were also observed using a scanning electron microscope (SEM). For comparison, bonding and disbonding experiments were similarly performed using the sample with a much higher strength than the other samples mentioned above.
Results and Discussion

Change in carbon structure with heat treatment
The interlayer spacing and crystallite size of carbon samples previously measured using the X-ray diffraction pattern of carbon powder mixed with standard silicon powder were used for analysis. 6) These and further data obtained by minutely estimating the X-ray diffraction pattern are listed in Table 1 . The interlayer spacing decreases with increasing heat treatment temperature; in contrast, the crystallite size increases. The graphitization degree gradually increases with such changes. Carbon heat-treated at 1273 K remains amorphous, while carbon heat-treated at 3273 K changes into almost crystal graphite.
6) The ratio of the integrated intensities of 110 reflection to 002 (I ð110Þ =I ð002Þ ) on the joining surface of the carbon samples also increases with heat treatment temperature. This means that the amount of crystallites with their basal planes perpendicular to the joining surface increases with the heat treatment temperature.
Bending strength of joints and disbonding property
Carbon/nickel couples were bonded under a joining pressure of 13 MPa for a period of 3.6 ks with the joining temperature as the variable. Figure 2 shows the relationship between the bending strength of the joints obtained and the heat treatment temperature of the carbon samples. In Fig. 2 , the dashed line shows the bending strength of monolithic carbon samples heat-treated at different temperatures. The bending strength is reduced slightly by reheating at 1773, 2023, 2123 and 2273 K. The numerical values in parentheses represent graphitization degrees.
As clearly shown in Fig. 2 , in the case of joining at every joining temperature, bonding was not realized with carbon heat-treated at 1273 K. In contrast, with carbon heat-treated at 3273 K, strong bonding was achieved regardless of the joining temperature. In this case, a fracture occurred in the carbon where the maximum tensile thermal stress was induced, near the joining interface in the bending test. 10) As regards the carbon samples heat-treated at 2023 and 2123 K (between the two temperatures mentioned above), in the case of joining at 1073 K, good bonding such that a fracture occurred in the carbon near the joining interface in the bending test was achieved. In addition, the bending strength of the joint using the sample heat-treated at 2023 K is 27.9 MPa, whereas that using the sample heat-treated at 2123 K is 29.4 MPa. Therefore, since the bending strengths of monolithic carbon samples heat-treated at 2023 and 2123 K are 25.9 and 25.5 MPa, respectively, these strengths are sufficiently high for the joints. On the other hand, in the case of joining at 1273 K, bonding was not realized. Thus, in the case of carbon samples heat-treated at 2023 and 2123 K, even for samples heat-treated at the same temperature, the joining temperature dependence of joint strength was markedly strong, as indicated by the probability of successful bonding. Taking this property into consideration, one may expect that the joint is disbonded by reheating at 1273 K after bonding by heating at 1073 K. Such a concept led us to conduct bonding and disbonding experiments using carbon samples heattreated at 2023 and 2123 K. The detailed experimental procedure is as follows. First, the bonding of carbon to nickel was performed by heating under a joining pressure of 13 MPa at a joining temperature of 1073 K for a period of 3.6 ks followed by cooling to obtain the joint. Second, disbonding was performed by reheating the obtained joint under a stress of 3 MPa, that is, the load of only the supporting rod, at 1273 K for 3.6 ks to investigate the feasibility of performing disbonding.
As a result of several disbonding experiments on the joint under the conditions mentioned above, disbonding of the joint finally became feasible with a decrease in the joint strength. A series of the results of bonding and disbonding experiments is listed in Table 2 . In the case of a similar disbonding experiment such as reheating to a certain temperature and cooling to room temperature without keeping (a keeping time of 0 ks) instead of reheating at a certain temperature for 3.6 ks, disbonding also became feasible (Table 2(b)). Furthermore, even after reheating under the same load without removing weights, the result was also the same. This suggests that the disbonding phenomenon is closely related to the heating temperature regardless of either the keeping time or pressure.
In contrast, carbon/nickel couples were bonded under a joining pressure of 13 MPa at a joining temperature of 1273 K for a period of 1.8 ks. Subsequently, in the case of keeping for 1.8 ks after cooling to 1073 K, bonding was not attained (Table 2(d)). In this case, as described above, a fracture had already occurred in the carbon at the joining interface during the initial heating at 1273 K. Namely, fragments of carbon are thought to remain on the nickel. Thus, even upon cooling to 1073 K, at which temperature bonding became feasible, bonding between the nickel and the carbon was not realized because of the bonding between the fracture surfaces of the carbon. The results of SEM observation of the fracture surfaces are examined later.
As regards the above-mentioned carbon heat-treated at 2123 K with a much higher strength used for comparison, bonding was also performed under 17 MPa at 1073 K for 3.6 ks. Subsequently, with the removal of weights after cooling, disbonding of the joint was attempted by reheating under a load of only the supporting rod (3 MPa) at 1273 K for 3.6 ks (Table 2(e)). As a result, even with much higher strength carbon, disbonding also became feasible in spite of the strong bonding (bending strength of the joint: 48.3 MPa). Thus, the disbonding property does not simply depend on the strength of the monolithic carbon, but is related to the strength of the carbon at the joining interface during joining. Such a disbonding phenomenon is caused by the close relationship between the strength of the carbon after bonding and the microstructure of the carbon with different graphitization degrees at the joining interface. In addition, when the joint obtained by heating at 1073 K was reheated at the same temperature, it remained unchanged and its strength (27.6 MPa) was equivalent to that before reheating; thus, the fracture occurred in the carbon in the bending test (Table 2 (c)). The following conclusion is obtained on the basis of the results described above. Such a phenomenon associated with disbonding is closely related to temperature. For example, with carbon samples heat-treated at 2023 and 2123 K, for the disbonding experiment in the present study strong bonding was attained by heating at 1073 K, and subsequently, disbonding of the joint occurred after reheating at 1273 K. Furthermore, in the case of joining at each temperature, bonding was achieved at the former temperature, while it was not achieved at the latter temperature. This is because in the case of bonding using carbons with different graphitization degrees, the strength of the carbon microstructure at the joining interface can vary. In other words, one can prepare carbon heat-treated with adequate strength such that the disbonding of the joint becomes feasible after bonding because of the thermal stress induced by a difference in heating temperature.
According to the resulting X-ray diffraction patterns for the joining surfaces of heat-treated carbon samples, 6,7) the crystal structure on the joining surface of carbon varies with the heat treatment temperature. The structure changes from amorphous to turbostratic with a low periodicity then to crystal graphite with a high periodicity. Thus, the joining surface of carbon with a high graphitization degree consists of many different planes of graphite crystal. As reported previously, 6) among the regions containing these planes, the region where the basal plane is almost perpendicular to the joining surface contributes to strong bonding, but the region where the basal plane is almost parallel to the joining surface barely contributes to strong bonding. Using the data obtained from an analysis of the X-ray diffraction patterns as shown in Table 1 , the ratio of the integrated intensity of the (110) plane perpendicular to the basal plane to that of the (002) plane parallel to the basal plane (I ð110Þ =I ð002Þ ) gradually increases with the heat treatment temperature. In these circumstances, with carbon having a graphitization degree higher than 0.28, good bonding is achieved, because the region where the basal plane is almost perpendicular to the joining surface (which contributes to strong bonding) increases in size. 6) These results indicate that in the structural change of graphite crystal from turbostratic with a low periodicity to crystal graphite with a high periodicity with increasing heat treatment temperature, the region where the basal plane is almost perpendicular to the joining surface increases in size, resulting in the enhancement of joint strength. Next, to investigate the joint strength at the joining interface in detail, a shearing test was performed.
Shearing strength of joints and observation of
fracture surface With carbon samples heat-treated at 1273, 1773, 2123 and 2273 K, the shearing test of the joints bonded by heating under 13 MPa at 1073 and 1273 K for 3.6 ks was performed. Figure 3 shows the relationship between the shearing strength of the joints and the heat treatment temperature of the carbon samples. In Fig. 3 , the dashed line shows the shearing strength of monolithic carbon samples heat-treated at different temperatures. The numerical values in parentheses represent graphitization degrees. In the case of joining at 1073 K, with carbon heat-treated at a temperature higher than 2123 K, the shearing strength of the joints was higher than that of monolithic carbon (heat-treated at 2123 K: 8.49 MPa; 2273 K: 7.93 MPa). Additionally, the strength increased markedly with heat treatment temperature. In the case of joining at 1273 K, even with carbon heat-treated at 2123 K, bonding was not realized, while with carbon heat-treated at 2273 K, the shearing strength of the joints was higher than that of monolithic carbon. In regard to the joints with a shearing strength higher than that of monolithic carbon, a fracture occurred in the carbon near the joining interface in the bending test, resulting in the good bonding of carbon to nickel. This verifies that the interface strength of the joints is higher than that of monolithic carbon. Furthermore, the interface strength of the joints varies with heat treatment temperature. As clearly shown in Fig. 3 , using carbon such that the shearing strength of the joints is close to that of monolithic carbon, for example, carbon heat-treated at 2123 K, good bonding is achieved by heating at 1073 K but not at 1273 K.
Here, the effects of the thermal stress on the strength of the joints using carbon samples heat-treated at different temperatures are examined. The thermal expansion coefficient, elastic modulus and Poisson's ratio of carbon samples heattreated at 1273, 2023 and 3273 K were previously presented. Accordingly, the thermal expansion coefficient of carbon heat-treated at 1273 K is not significantly different from that at 3273 K, but that at 2023 K is somewhat higher than these values. The elastic modulus of carbon heat-treated at 2023 K is hardly different from that at 3273 K, while that at 1273 K is somewhat higher than these values. In contrast, the Poisson's ratio of carbon heat-treated does not vary significantly with temperature. As shown in Fig. 2 , furthermore, in a strong joint obtained using carbon heat-treated at a high temperature (for example, 3273 K), the thermal stress, in general, is released. 10) Therefore, since the thermal stress induced at every joint obtained using carbon samples heat-treated at different temperatures is not significantly different due to the slight difference in the physical values mentioned above, the joint strength hardly varies due to this thermal stress. Consequently, the joining temperature dependence of the bending strength of the joint as shown in Fig. 2 is not determined by only thermal stress.
With carbon heat-treated at a higher temperature, a fracture occurred in the carbon near the joining interface in the bending test, where the maximum tensile thermal stress was induced; thus, the bending strength of the joints was also high. In contrast, with carbon heat-treated at a lower temperature, a fracture occurred in the carbon at the joining interface in the bending test; thus, the bending strength of the joints was low or bonding was not realized. To investigate why a fracture of the joints occurred under such a low bending strength at the joining interface in the bending test, the fracture surfaces were observed using an SEM. Figure 4 shows secondary electron images of fracture surfaces of the nickel side for carbon (heat-treated at 1273 K)/nickel joints bonded by heating at 1073 and 1273 K for 3.6 ks under 13 MPa. Since the disbonding of every joint occurred at the joining interface immediately after the bonding experiment, bonding was not achieved. In every case, a fracture occurred in the carbon at the joining interface because a few fragments of carbon remained on the nickel. Therefore, since the strength of the carbon at the joining interface was not sufficiently high to form a strong joint even after reacting via carbon diffusion in nickel, the fracture or disbonding of the joint occurred mainly due to the thermal stress; thus, bonding was not realized. Furthermore, every fracture surface was very flat and unevenness was hardly observable. With the carbon sample heat-treated at 2023 K, in the case of joining at 1073 K, a fracture occurred in the carbon where the maximum tensile thermal stress was induced in the bending test, and the strength of the joint was equivalent to that of monolithic carbon. In contrast, in the case of joining at 1273 K, bonding was not realized. Figure 5 shows secondary electron images of these fracture surfaces on the nickel side. In this carbon sample, even in the case of joining at 1273 K ( Fig. 5(b) ), since a few fragments of carbon remained on the nickel, the reaction via carbon diffusion in nickel was also confirmed. This has also been confirmed from the optical microstructures obtained after etching and the Vickers hardness distribution in nickel along the longitudinal section of the joint near the joining interface. 6, 10) The brittle reaction products are thought not to be induced by the reaction due to the carbon diffusion in nickel at the joining interface because of the supersaturated solution 10) of carbon atoms in nickel. This corresponds to the finding that the disbonding phenomenon is not related to the keeping time, that is, the amount of carbon that diffuses into the nickel. In this case, bonding was also not attained and the disbonded surface was very flat. In the case of joining at 1073 K (Fig. 5(a) ), in contrast, a fracture occurred in the carbon away from the joining interface in the bending test due to strong bonding; thus, the fracture surface was uneven. Lastly, with the carbon sample heat-treated at 2123 K, disbonding of the joint was performed by reheating at 1273 K after bonding by heating at 1073 K. In this case, Fig. 6 shows secondary electron images of this fracture surface on the nickel side. Similarly, a few fragments of carbon remained on the nickel after disbonding, indicating that the fracture of the joint depends on the strength of the carbon at the joining interface. Additionally, this fracture surface was also very flat. In regard to the carbon sample with a much higher strength used for comparison, the fracture surface state was also similar.
The effects of the graphitization degree of carbon and the thermal stress on the joint strength at the joining interface are considered below. First, in the case of joining at 1073 K, the bonding strength was sufficiently high to form a joint. In addition, this joint exhibited sufficient strength for a fracture not to occur under a low bending strength at the joining interface either due to thermal stress induced during subsequent cooling or in the bending test. For this reason, a fracture occurred in the carbon where the maximum tensile thermal stress was induced in the bending test. As regards carbon with an intermediate graphitization degree, in the case of joining at 1073 K, good bonding was barely attained, but the strength of the joint at the joining interface was lower than that in the case of joining at 3273 K (refer to Fig. 3 ). In the case of reheating at 1273 K, since the joint cannot withstand the increase in thermal stress with increasing the joining temperature, fracture or delamination occurs in the carbon at the joining interface, resulting in the disbonding of the joint. With carbon heat-treated at a higher temperature, good bonding was realized at every joining temperature since the joint strength at the joining interface was sufficiently high over the entire joining temperature range. In contrast, in the case of insufficient joint strength at the joining interface, since a much higher thermal stress was induced with increasing the joining temperature, the joint fractured at the joining interface, resulting in the disbonding of the joint. Thus, the joint strength at the joining interface depends on the carbon microstructure of the joining surface. The strength of the crystal structure is closely related to the graphitization degree, which is estimated from parameters such as the interlayer spacing of the basal plane and the crystallite size of hexagonal carbon. 6) Namely, with carbon samples heattreated at 2023 and 2123 K, having the middle-range graphitization degree, in the case of joining at 1073 and 1273 K, these crystal structures are directly related to the delamination strength of the joint at the joining interface after bonding. In the case of joining at 1073 K, therefore, the joint strength was sufficiently high to suppress fracture at the joining interface. After heating the joint at 1273 K, however, a fracture occurred all over the joining surface due to the much higher thermal stress, and the joint was disbonded; thus, the joint was not realized. With the carbon samples heat-treated at 2023 and 2123 K (in the present study), the region on the joining surface where the basal plane of carbon was almost perpendicular to the joining surface was not sufficiently large to attain strong bonding over the entire joining temperature range. Thus, with these carbon samples, a temperature dependence of joint strength appears and crystal structure with both adequate bonding and disbonding performances is formed.
What affects joint strength is not the reaction during joining but the fact that the carbon microstructure was changed markedly by the heat treatment before joining. This is obviously because fragments of carbon heat-treated at 1273 K remained on the nickel or the microstructure (forming a supersaturated solution of carbon atoms in nickel 10) ) and the strength (solid-solution hardening due to the supersaturated solution and work hardening due to thermal stress 10) ) near the joining interface underwent almost no change after heating under the same experimental conditions, for which it is easy to compare results. In other words, the mechanism of the diffusion bonding of carbon to nickel was the one previously reported. 10) Unlike before, with previously prepared carbon samples with different graphitization degrees (and bonding and disbonding properties), bonding and the following disbonding of the carbon/nickel couple were performed under the same conditions, so that such a phenomenon became feasible.
As mentioned above, with carbon samples previously heattreated at different temperatures, the joint strength at the joining interface varied with the microstructure on the joining surface of the carbon, that is, the region where the basal plane of the carbon was almost perpendicular to the joining surface, which mainly contributed to strong bonding on the joining surface. The design of the joining system with both bonding and disbonding properties was shown to be feasible by the selection of a carbon sample having such properties. In the present study, the results indicate that using such changes of the mechanical properties of carbon with heat treatment, the interface strength of the joint is controlled, so that the design of joints with new functions, namely, bonding with disbonding, becomes feasible.
Conclusions
Carbon samples heat-treated at different temperatures were bonded to nickel in the solid state in a vacuum using an RF induction furnace. On the basis of the results of these experiments, the effects of the heat treatment of carbon on the interface strength of a joint were examined. With increasing heat treatment temperature, the graphitization progresses and the crystallite grows; in addition, on the joining surface, the region almost perpendicular to the basal plane, which contributes to strong bonding, increases in size. Therefore, the joint strength of carbon to nickel is improved. Utilizing this property effectively, we can perform the heat treatment of carbon to adjust the interface strength of a joint. Moreover, by selecting carbon materials with a specific crystal structure and suitable joining and disjoining temperatures, bonding with disbonding becomes feasible.
